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The Electronic Position Indicator 
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ABSTRACT • The Electronic Position Indicator is a radar-like device for the study of hand motions. 
First, a rederivation of the theory is presented to show its application to this situation. Then, the 
accuracy of the positional information expected from the theory is demonstrated. Finally, an in-
vestigation of motion paths is examined with the expectation of obtaining useful information about 
motion paths and their time derivations. 
• The field of motion and time study has been charac-
terized in the last decade by the development of new 
experimental equipment (2) (3) (4). Each development 
has sought to recover more of the inherent information 
about body motions. Recording the dynamic properties 
of a motion provides more of that inherent information 
than will recording the time between the end points of 
the various motions and manipulations. The dynamic 
properties of motion can be studied by using accelera-
tion, velocity or position as the primary variable, and 
finding the other two by the necessary differentiation or 
integration. 
Theory and Development 
The success of radar as a long-range position indicat-
ing device suggested the possibility of using a similar 
approach to obtain positional information about hand 
motions. It appeared that position, as a primary vari-
able, would have advantages over velocity and accelera-
tion because: 
1. Position is determined uniquely by the distance from one 
known point for each dimension desired. 
2. Differentiation does not require any constants of integra-
tion. All of the information is available in the output without re-
course to initial conditions that could be in error. 
Preliminary investigations indicated that a continu-
ous constant-frequency electromagnetic signal could be 
used to provide unique positional information within 
successive half-wave lengths from a fixed antenna. Be-
cause the speed of an electromagnetic wave is constant 
in air, any two points, whose distance from the fixed 
antenna perpendicular to the wave front is the same, 
1 This material is based upon the Doctor of Philosophy dissertation 
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Deegan, Chairman of Department. 
will have the same electrical phase relation. The Elec-
tronic Position Indicator makes use of this relation by 
fixing the location of the receiving antennas. Thus the 
phase relations are determined between the trans-
mitted and received signals as the transmitting antenna 
is moved over the workplace. During an actual motion, 
including periods of no motion, this phase relation 
indication is used to provide data which can be inter-
preted as position in the more familiar Cartesian coordi-
nate system. Because each receiving antenna provides 
information in only one direction, a separate phase rela-
tion must be found for each dimension desired. It is 
not necessary that the fixed antennas be mutually per-
pendicular, although it may help in data reduction. 
The accuracy of the positional determinations is a 
percent of the wave length. Thus, if the wave length is 
short, the possible accuracy is high. As the wave length 
is lengthened, the accuracy on a Cartesian coordinate 
system becomes proportionally poorer. 
The signal, as it is transmitted by the movable an-
tenna, has an instantaneous field strength of 
e, = A, sin wt, 
where 
e, is the maximum amplitude, volts per meter. 
wt is the phase angle of the signal at the transmitting 
antenna. 
The signal at a fixed receiving antenna has the instan-
taneous value of 
er= Ar sin [w(t - r)], 
where 
r is the time between transmission and reception. 
Further 
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figure 1. Block Diagram of Equipment. 
Ro is the range (straight line distance between an-
tennas) at the time of transmission . 
V is the velocity away from the fixed antenna by 
the movable antenna. 
c is the speed of transmission in the given medium. 
Therefore, 
The first term, w [ 1-V / c] t, is the doppler shift, and 
the second term wRo/ c is the phase relation at the time 
of transmission . The second term is not of interest 
when the doppler frequency is desired. However, if the 
velocity is zero, the initial and current distances are 
the same and e, differs from e. by this phase difference. 
A movement which terminates in a new fixed position 
can be thought of as providing a new Ro term which 
has been updated by the doppler shift term. This is the 
phase relation that is desired. 
Equipment 
The use of this range information is dependent upon 
the ability to measure the phase relation between two 
signals accurately and continuously. Such a phase ana-
lyzer is available (8). The Ad-Yu 405 H phase analyzer 
will provide a DC voltage output signal that is propor-
tional to the phase relation between two signals of the 
same frequency. This phase analyzer has an accuracy 
of 0.25 degrees or ± 1/ 1440 wave lengths at frequencies 
between 50 and 250 kilocycles per second. To provide 
a unique signal over a workplace that is nominally 
three feet on a side requires a wave length of about six 
feet. This provides a theoretical positional accuracy of 
± 0.05 inches in each direction over a three-foot square 
workplace. Because the two-meter wave length is re-
lated to a frequency of 144 megacycles per second, it 
is necessary to heterodyne the received signal to pro-
vide a signal that can be analyzed by the Ad-Yu 405 H 
analyzer. Fortunately, the Ro/ c term is unaffected by 
heterodyning which occurs after the signal has been 
received. 
The block diagram for a single dimension position 
indicator is shown in Figure 1 by means of the solid 
lines. The dotted lines show the additional equipment 
that is needed for a second dimension. The generators 
for the two signals are shown at the left. The one signal 
is transmitted via the movable and fixed antennas to 
the antenna-coupled receiver, while the second output 
of this generator goes directly to the reference receiver. 
The outputs of the second generator go by cable to both 
receivers. The signals at the output of the two receivers 
have the desired phase relation at a frequency within the 
frequency capability of the phase analyzer. The output 
voltage of the phase analyzer is recorded on a Brush ink 
strip chart recorder, with one channel for each dimen-
sion . 
Calibration of Equipment 
Comparisons of the recorded outputs for known sta-
tionary antenna positions during trials repeated both 
immediately and after lapses up to a day indicated that : 
Eighty percent of the readings had no distinguishable error. 
Ten percent were between zero and ± 0.05 inches. 
Ten percent were greater than ±0.05 and less than ±0.10 
inches. 
The suspected source of error on the last ten percent 
will be discussed later. 
A dynamic calibration was undertaken to determine 
if the dynamic characteristics also agreed with the 
theory. One-dimensional tests at three different constant 
velocities were recorded and the output information was 
replotted in a Cartesian coordinate system as position , 
versus time. All curves were straight lines throughout 
the constant velocity segment that followed the period 
of acceleration. The slopes during these portions were 
all within ± 0.05 inches per second of the calculated 
velocity for their respective tests. 
One additional result of the stationary antenna tests 
was the determination that unwanted reflections could 
be expected from the body of the operator. At the 
operating frequency, the body is a good reflector, and 
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sufficient reflections did occur so that body movements 
with the antenna fixed caused a change in output sim-
ilar to a change in the antenna position. It appeared 
that similar unconscious body motions while the an-
tenna was being moved caused the variations found dur-
ing the static calibrations. To eliminate this type of 
error, the operator was cautioned not to move his 
shoulders during data taking. During short motions, 
this is not difficult and does not handicap the operator. 
During motions in excess of about a foot, there is a 
tendency to move the shoulder to reduce the length 
of the movement of the arm. Such movements were 
avoided in the current investigation . 
A second restriction arose from the antenna con-
figuration used. The transmitting antenna used is 
basically a half-wave dipole antenna which has been 
physically shortened by means of inserting coils into 
the length, and using a capacitor "hat" to replace the 
end. The resultant antenna is about six inches long. 
Unfortunately, it is sensitive to tilting because of its 
size and configuration. Consequently, it was decided to 
restrict the movements to two dimensions (within a 
plane) in order to maintain the proper attitude of the 
antenna throughout the data taking. Investigations of 
antenna configurations are being continued to reduce 
or eliminate this problem. 
An Investigation of Motion Paths 
Because of these restrictions on the use of the antenna 
as a means of determining the position of the hand, it 
was decided to examine the effect of relaxing the restric-
tions on a motion from one dimension to two dimensions 
on a series of simple hand motions. Previous studies, 
with one exception, have been restricted to one dimen-
sion. The one-dimensional results from the present in-
vestigation were compared with these older studies, and 
the two-dimensional results were an extension into a 
new area. 
The Workplace and Criteria 
The most recently published one-dimensional studies 
were by Schmidtke and Stier ( 6). In part because of the 
reaction to this investigation, it was decided to test each 
subject on twenty motions with ten trials for each mo-
tion. The motions were defined as the outward motion 
that started at a point seven inches in front of the center 
of the body, and which ended at a point either five or 
ten inches from the initial point. Each end point was 
the center of a circle with a radius of one-quarter inch. 
The subjects were asked to stop the motion within that 
target circle. The line connecting the two end points 
was varied so that the angle between the connecting 
line and a reference line parallel to the plane of the body 
would be 0, 45, 90, 135 and 180 degrees, as shown in 
Figure 2. The Experimental Workplace. 
Figure 2. The connecting line will be called the motion 
line. The motions were conducted along a one-dimen-
sional track and without the track. The latter motions 
were restricted to two dimensions. The results were 
recorded on a strip recorder and then replotted on a 
Cartesian coordinate paper to give the path. From 
these replots, the criterion scores for a series of analysis 
of variance tests were obtained. These analysis of vari-
ance tests indicated the effect of angle between the 
motion line and the reference line on outward motions 
with no grasps or releases for: 
1. The time for the motion. 
2. The magnitude of maximum velocity. 
3. The point of maximum velocity. 
4. The deviation of the motion from a straight line in two-
dimensional motions. 
5. The difference between the magnitudes of the velocity dur-
ing motions of the same length, as the restriction was relaxed 
from one dimension to two dimensions. 
It was assumed that the only important order effect 
would be practice, and that this could be satisfactorily 
suppressed by one hundred practice runs prior to the 
ten recorded runs. 
All subjects were graduate students in Industrial 
Engineering with an average age of about twenty-five. 
All but one were right-handed, and the left-handed one 
was quite proficient with his right hand. Elimination of 
the left-handed subject did not change the significance 
of the "F" ratio . 
A photograph of the workplace and antenna is shown 
in Figure 3. The subjects were told to move the antenna 
with their right hand in the manner that was easiest for 
them while restricted to the one and two dimensions 
selected. They were told to use a normal incentive pace 
that they thought could be maintained all day. In gen-
eral, the work was completed in less than two hours; 
the quickest in about one and one-half hours. All data 
were taken in the afternoons. Each subject worked one 
afternoon in June with the motions restricted to one 
dimension, and one afternoon in September with the 
motions restricted to two dimensions. The subjects 
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Figure 3. The Antenna and Workplace. 
were paid for two hours' work for the fifty recorded and 
five hundred practice work cycles within each dimen-
sion-restriction. The first ten work cycles after the one 
hundred practice work cycles were analyzed in all cases. 
Results 
The results, in general, were not as clear-cut as had 
been anticipated. For example, it was anticipated that 
the motions when the motion line was at 0, 45 and 90 
degrees would be basically an arc about the elbow and 
that the outward motion at 135 and 180 degrees would 
more likely be piston-like. Instead, it was found that 
most of the motions were S shaped, although in two 
of the general cases, it appeared that an arc was in-
tended. At 0, 45 and 180 degrees, the S was character-
ized as having one relatively small loop and one large 
loop. If the small loop was near the beginning, it was in 
the direction of a piston motion, as though there was 
considerable inertia to overcome. If the small loop was 
at the finish end, it appeared that the intended arc fell 
short, and the S was an attempt to close in on the 
target area. The arced motions which overshot the 
target area contained hooks. This encouraged the inter-
pretation that arcs were intended. At 90 and 135 
degrees, the motion was an equal looped S. The magni-
tude of the deviation from a straight line in these cases 
was not statistically different from the other angles, so 
apparently there was no straight line intended. An oc-
casional arc was flat enough to be considered a straight 
line, but they were reasonably rare. 
The means of the data collected on each subject were 
used as criterion scores for the analysis of variance tests. 
Of the sixteen criteria, only the ten-inch two-dimen-
sional times were significantly different at the 5% level 
for changes of angle. The five-inch two-dimensional 
times would have been significant if 7% had been used 
as the desired significance level. This would tend to sub-
stantiate the results found by Schmidtke and Stier. 
Surprisingly enough, neither the point of maximum 
velocity nor the magnitude of maximum velocity varied 
significantly with the change of angle of the motion line 
for either one or two dimensions. It had been hypothe-
sized that the time for a motion would be dependent 
upon some aspect of velocity, but this was not found in 
this investigation. A representation of the effect of 
angle on the time for motions by various investigators is 
shown in Figure 4. 
The mean point of maximum velocity was found to 
be at 47% of the time for the complete motion for all 
one-dimensional motions and at 45% of the time for the 
complete motion for the two-dimensional motions. This 
compared well with the midpoint of the constant veloc-
ity data taken by Deegan, which would have been at 
49% of the total time for the motion (1). The latter 
extrapolation of Deegan's results was made after a 
comparison of velocity data obtained by both elec-
tronic and mechanical differentiation of the same data. 
The mechanically differentiated data invariably showed 
a period of constant velocity, while the electronic dif-
ferentiation would show a period of continuously vary-
ing velocity of very low acceleration. The maximum 
velocity occurred at the midpoint of the "constant 
velocity" curve. 
Further, it is consistent with Penberthy, who found 
the point of maximum velocity at 51% of the time for 
the complete motion, and with recent graduate level 
laboratory work at the University of Missouri which 
also showed the point of maximum velocity at 51% of 
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Distance 
5 inch 
10 inch 
Table I 
Mean Velocities in lnches/Secand 
Dimensionality of Motion 
13.87 
23.99 
2 
17.87 
31.13 
the time in a preliminary study of the effects of chang-
ing the pace from 90 to 184 motions per minute in 
single-dimensioned motions ( 5). Both Penberthy and 
the recent graduate work used a linear wire-wound 
rheostat to provide the restriction to a single dimension 
and the positional information . However, individuals 
varied widely from this general mean, with two of the 
fifteen subjects averaging above 60%, or near the value 
found by Nadler and Goldman on two subjects ( 4). 
Smalley also found the point of maximum velocity 
beyond the center point for one subject, although the 
exact point is not indicated (7). 
The magnitude of the velocity increased both as the 
length increased and as the restrictions were relaxed. 
The significant level was not tested in any of the four 
cases. However, the differences between the means were 
equal to or greater than the distribution within each 
distance-restriction group, as is shown in Table 1. 
It can only be concluded that the study of motions 
and their relations to velocity are more subtle than has 
been expected. Much further experimentation 1s 
needed to establish the basic relations and variables 
that govern the movement of body members. 
The development of a new device for motion path 
analysis and an example of its use in the study of hand 
motions restricted to a single plane has been shown. 
The results of this study of hand motions in general sub-
stantiate the earlier studies which are comparable. This 
tends to validate those results which are an extension 
into two-dimensional motion. 
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